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‘1’lIc  I,rcakup  of Co]oct Sllomlakcr-  Imvy 9 i s  d i sc  usscd both in the cc,]it(x~ c,f splitti]lg as
a conlctary plicnolllc]ioll, com]]aring  this object with othrx  s],lit colncts, and as aIl event  wit]l

.
its owl) Irllosy Ilcrasics. ‘1’lIc pliysical appearance of the con]ct is desc] il,cd,  fcatums diagnostic
of tllc  aaturc c)f tidal sJ)littizlg are  identified, ahd tlic implications foI ]Iloddli]lg  the event  arc
SIKJICd Ollt. AIHoIlg  ~11~ cll~]>lla.+zcd issues is  tlic I)ro~J~rll  Of secolldary fra~]lle]ltation,  which
dc)cumcnts  tllc co]uct’s  coatirluing  disiritcgratic)n  rlrrriag 1992 94 and in] JJics that ill July 1992
tlIc J)a]ellt  ol,jcct sJ,]it tidally scar .lu J,itcr  iuto 1012, not 21, major f{ ag,rocats.  Also addressed
arc tllc coutrovcrsics involvi]ig  modc]s  of a strcngtlilcss agglomerate versus  a discrck cohesive
llIass and cstitrliitcs  for the sizes of the progeaitm and its fragrrlerlts,

_ .- --

S~)litti]]g is a relatively c.o]nmc)n I,lic]Lomc]lol,  a]])o]lg  c.o]ncts,  CVC]I t]iougli its detec-
tion is olmcrvatio]lally  difficult, lmausc con]]]a]lio]ls arc alr[lost illvariitl]ly very diffuse
objects with  colwidcrab]c  sliortl-tcrln  brighhlcss  variations. Col IJct Slloc]naker- I.cvy 9’s
bc]lavior  was gcrlcrally  less erratic than tliat of all average split, colnct,  wllicl] ]nay have in
I)art bccrI  due to a ]najor  rc]lc of large-sized dost.  ‘1’lic brcaliu]~ ~jrodlicts that c.o]}tributcd
]nost significantly to tlic co]nct’s total brightness are referred to below M Co?)tponenis, or,
twcausc  of their diffuse apl)cara]lce,  as condens(ltions,  b(~tl) c.orn[[lo]}  tcri,ls  of cc,inctary
})t]cllol]]c]iolo~k’.  ‘1’I)c tcr]ns  nucl(i  a~]d jrag?rtenfs  are illstcad  reserved for gc]lui~ic solirt
bodies of substa]ltial dill] cnsiorls (>] k]n across) tl,at were ‘[lliddc]l”  i]] tllc condcrlsa-
tio]ls. A co]ldc]lsation  ]nay co]ltain many fraglllents  or ]Iuclci, besides large a~nounts of
IIiatcrial  of subkilomctcr-sized a]ld s]na]lcr partic~llatcs,  tllc e]ltirc  ~)~]~t]liiti[)]} of wl)icll  is
cllarac.terized  l)y a certain size distribution function.

A total of 21 sJ)lit co]llcts IIad bccll docurncntcd  i]] tllc literature by I!J80 (for a review,
see Sekanina  1982)  a~ld telL additional OILCS nave been reported since. Of tliesc  recent
c]ltrics,  fully seven arc or were sllort-]wriod  cornets (791’/du l’oit- IIartlcy,  1081’/Cift_r6o,
10]1’/Cllcr]lykl],  1)/Slloc]nakcr-  I.cvy 9, l’/M aclillolz 2, 511’/11 arrirlgto]l,  ar]d tllc pare]lt
of 421’/ Ncuj]nill 3 and 531’/Varl  Ilicsbrocck);  two are (or were) “old” cor[lcts  (of wliicl)
‘1’akaloizawa-  I.cvy 1994 Xl]]  = C/1994  Cl is one, while tl,c breakup p]oducts  of tl]c other
were discovered as two separate ot~jccts,  Levy 1987 XXX = C/19&3 1’1 and Slloc]nakcr-
IIolt  1988111 = C/1988  .11, orbiting the Su)l i]! virtually idcntic.al pat}ls witli  a period
of w14 ,000 years a]id pawing  tllrougll  ])cri}lclio]l  2$ morlths  apart); and one is a ‘(new”
comet, fro]n  tlic Oort cloud (i$’ilson 1987 VII = C/198f;  1’1 ). Shoemaker- levy 9 was
unique  amo]lg all tl]c split collicts  irl that the Inaxirnum  ]Iurllbcr of co]ldcllsatiom  observed
ai ihr su?nc iimr was by far tllc largest. It is slIowll below, }Iowcvcr,  that without t}ic
italicized qualification tllc statclne]lt would not he valid.

CoInct Slloc]naker-  I,cvy 9 is OIIC alno]lg only a few ]Ilu]tiple c.olncts that arc know]l
to llavc fragmented due pri~nari]y  - if not elltircly  -- to tile actic)ll of tidal forces duri]lg
their cxtrcrncly  C1 OSC c]lcounters  with Jupiter or the Sutl. Resides Sllocrnakcr-  I.evy 9,
direct evidc]lcc exists for 161’/llrooks  2, which missed Jupiter by OIIC ])la]lct’s  radius
above tllc cloud tops ill 1886; al]d for two or tllrec  me)nhers  of ttlc so]lgrazing  comet
group (1882 11 = C/1882  Rl, lkcya-Scki  1965 V]]] =: C/1965 S1, ]~ossil}]y  also l’ereyra
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1963 V = C;/1963 IL]), w]loscpcrilmlia  were located wit]lill ~ tlic Sun’s radius ahovc tlic
l,l,otos},hcrc.  l~orotl,crs~,lit co]]] cts,tllcn atllrcc ~ft}lcd is]~l]>tiorl]  ]~cc.lia]lis]]li s~lotflllly
undcrstocd, altlioug]l  jettisoning of pancake-sl)aljcd fragltlcnts  of a]] i]lsulating  ]nant]c
fro]lltllc llllclcarsllrfacc t~ystrcsscs,  t)llilt ~l])uriei’c]lly  l)cllcatll  it, is co]lsistcllt  with tllc
cvitlc]lccs ~]ggcsti]]g  tl]at tl)csc comets ‘(peel off” ratlicr than tjrcak u]) (, Scka]lina ]982).

2 .  ‘J’hc  numl]cr  of c.ondcnsatiorls

‘J’lIC dct,cct,cd nllllJ,cr of Slloc]]lakcr-I,cvy  9’s condc]lsat ions dc])clldcd ]Iot  o]]ly on t]}c
ilnagillg  circ. u]]lstallccs  a]ld tllc illstruincllt used, but also 0]1 tllc tilnc of observation,
l~cc.ause SO]I]C of tllc condcnsatio~ls  disap])carcct  witlt time w]iilc otllcrs  lmga]]  to dcvc]op
corn])a]lio]]s  of tllcir  own. Accourlts  of high-rcsolu(io])  olx(rvations indici+tc tl]at no more
tllall 22 colldc]isatio]]s  were dctcc~cd at a time. On tllc cjtlicr lla]ld, tllc c.or[lt)illcd rlrrrm
hcr of cor]dcllsatiorls  reported on visually inspcc.tcd i]nagcs ol)tai]lcd at various iiv~es
a])~jcars, collcctivcly,  tc) total 25. ‘1’llis is snort  of tl]c rcco~ d llclct I)y the ])rogcmitor of LIIC
groul) ofsungrazing cornets, from whic]i all the ohcrvcct  ]Jjcrnl)crs were follr]d  hy Marsdcn
(19S9)  to derive. ‘1’lIc  kllow]l sungrazcrs  rcprcscllt  at lcasi tllrcc  gc]lcratiolls  of fraglnc]l-
tatioll ~)roducts arid i]lcludc: (i) four rnc]ld~crs  discovered Lctwcc]l  ]843 and 1887,  O]IC  of
wl]ic.11  (1 882 11) was ohscrvcd  after pcrilic]ion to have at least five ccnlq)ollcllts atld anot}lcr
(1887 1 = C/ltM7 111)  always a]~l~cared as a headless ol,jcct  (I{rcutz  1888); (ii) four rncrn-
l,crs  discovered Lctwccn 1945 a]]d 1970; (iii) six ]ncmbcrs  detect cd wit }, a coronagra])ll
onl)oard  tllc SO I.WTINl)  spacecraft, Mwccn 1979 a]ld 1984; (iv) ) O mcinhcrs  dctcctcd
with  a corona  graph or]l)oard  the Solar Maxilnu]n  Missiol}  spat.ccraft hctwccn  19S7 and
1989; and (v) any possil)lc precursor ot)jects,  of wl]ich a]) unccrtairl  ortji! exists for onc
(t]lc co]nc! of 1668 = C/l GG8 ];1 ) a]ld very ]itt]c  informat  ion on two rilorc (t}lc cornets of
1106 arid 371 I) C). l;xc.luding the dubious  cornparlion to 1(IG3 V, a fcw urllilic]y ca]ldidatcs
in tllc 17tll tl]rougll  1 W ccriturics  (for an overview, scc Nlarsdcr) 19G7),  arid the cornets
of 110G arid 371 lIC,  onc still finds a total of 29 comets and compa]lions- a numl)cr  that
r]~odcratcly cxcccds  tl]c 2L condensations of Sl]ocmakcr-  l,cvy 9 otxwrvccl  over a period
of rlcarly 150 years. IIowcvcr, if tltis systcrn of cornet llarcmtagc  is acc.c~ltcd, tllc uurnbcr
of catalogucd  s])lit co]ncts  sl)ould  l)c dccrcascd I)y cmc, bccausc  1882 11 al]d 1965 VI1l
would ]Iot tllcn  hc listed as separate entries. Oil tllc otll~r hand, if oIlly first-gcrlcration
products of arl ol)jcct  should bc counted, the ]Iunhcr of sungraiicrs  wollld drol), t)ut so
would tllc nurnbcr  of condcnsatio]ls  of co]net Slloc]nakcl-1.cvy  9, as discussed in some
detail in Sec. 4.3.

3. A p p e a r a n c e  o f  c o m e t  Shoemaker-Jmvy  9

‘1’ILc  comet’s co])densations  were all aligned ill an csscrltially  rectilinear configuration,
wllicll cxtcr)dcd  almost pcrfcct]y  along a great c.irclc of the projcctcd  orbit  and whose
appcararlc.e  has often hccn fitting]y  compared to a string  of pearls. in the tccllrlical
]itcraturc, the co])cction of the colldcr)satiolls  is usua]]y referred to zs t],c  nuckar train
or just tl]e train. Nvcn thoug]l the condensatio]ls  were t}le niost  prc)rnirler)t  f e a tu re s
contril)uting  substantially to the total tmiglltness, significant amounts of r])atcrial  were
also situated i]] hctwccn  thcln,  along tl]c train’s entire lcrrgtll.

‘J’hc  c.o]nct  furtl]cr  ex}libitcd three other kirlds of morp}iologic.al features. Extending
from tllc train on either side were trails or wings, c)f whic}l tllc cast- ]Iorthcastern  OIIC
a~)l~carcd to bc slightly i~lclincd  relative to tl]c train. Sul~tcnding a relatively small  angle
with tllc trail]  and l)oilltirrg generally to tllc west was a set of straight, narrow tails,
WIIOSC roots c.oincidcd with tl]c distinct condcnsatiorls  i]] the trairl.  ‘1’licsc  ]Iarallcl tails
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were ilnlllcrsccl in, and o]i low-resolution il]lagcs  gradually blcl Idcd wit]), all cnorl~lous,
col]l]}lctcly  strut.turc]css s(ciorojtnoicrialj whit.11 w~strc~cllirlgtc)tllc IIort]l of its s]larp
l,oulldary  dclillcatcd  by t,lle nuc.lcar train and t}lc two trails,

3.1. 7YIe nuclc.ar  train

‘1’0 dcscrihc  t]]c train’s st,ructurc  in detail, twol,otatiozls wcrcpro])oscd  to identify the
condc]lsations,  ‘1’IIc systcm  introduced t}y Sekallirla  et al. (1994; IIcrcafter  rcfcrrccl  to as
l’a])cr 1 ) IIrrs  I)cc]l mn])loycd,  csl)ccially after the il)lpacts,  almost ullivcrsally:  the castcrn-
]nost, colldellsatioll,  tlw first, to crash, was  nal]lcd A; the wcstcrn]]lost, wllicl) craslicci the
last, W. ‘J’l)c  lctt,crs 1 and O were cxcludcd to avoid ally co]lfusioll  with tllc synlbols
used for  tlIc rcs])cctivc digits. ‘1’llc rclations]]i]) bctwcc]] this ]Lotation  aIId Jcwitt rd a/,’s

(1993)systc111)  wllic.lll} l]lllLcrstl,cc.  or,dcr,satior]s, is:As 21, }1~:20,  . . .. Wsl.
‘I’llctraill’s  lcl]gtll,  dcfillcd l)ytllc~,rojcctcd distance t)ctw’cc~l  tI)ccoliclclisatio~  lsA arid

W, c.olltiliuous]y  grew witl) ti~nc, fronl w50 arcscc shortly after discovery ill late Marc.]) to
allnost  70arcscc l)ylnid-July of1993,  torllorctlla)l 2 arclilin  bytllcl)cgirlllirlgof 1994, to
about 5.5 arc,lnin l)ycarly hlay,  and tosornc 10 arclnirl,  eqllivalcnt  tcja prcjjcctcd distance
ofl[lc>rc  tl]ali  2]nillion  kin, l)ycally July 1994. “Jilic train’s cnormousextclit was reflected
irl tllc time sj)an of 5.5 days tmtwcell the first and the]a.st  impacts: July 16.84  Url’  for A
and July 22.34 lJrl’ for JV (Chodw  & Ycorrla~ls 1994).

‘J’Ilctraill’s  oricnt,ation  varied relatively  insignificantly  duringthc  Iwriod  ofrnorc than
onc year l)ctwccn discovery and c.ollisior].  ‘he positior) allglc, rncasurcd  irl tllc direction
frolllAtoJf’,w~sw’itl,i]~ 100f25G01,ctwcc~l late  h!arc.lI  aIl(lrllid-J~lly  19!):~, clccrc~sirlgto
245° l)ytllc bcgin~lillgof  1994, rcacliillg  a~I~irli~ll~lrl  ]of241° in early hlarcll, arnaximum
of 244° at tllc bcgirlning  of June, arid dcc,rcasing  again, al arl ac.cclcratir)g  rate, to W240°
I)y ~nid-July 1994.

A dctai]cd  al)alysis  of tllc aligrilrlcrlt of the irldividual  colIderlsations  SIIOWCC1  i,llat five
o f  tllclll- 11, J, hl, 1’ (Iatcr  resc)lvcd  i~lto 1 ’1  arid 1 ’2 ; scc See, 3.2), a)ld ‘J’- exhit)ited
slnal] t)ut, detectable off-t, r ain deviations on high-resolution irnagcs as early  as hfarclv
July 1993, dllring  the first four rnontlls  after discovery (’l’able  8 of l’q, cr 1). From
a coll]I)arisoll  of the 1993 prc- and ])ost-corlj  uric.tion  ol)s(, rvations,  it hecan!e  apparent
tl)at this group of “anomalous” condensations also incluc](:d l’. AIICI nlorc recerltly, with
tllc USC of a large nulnhcr  of 1994 observations, this category of cc,nrlclmations grew
furtllcr, rlowalso  cncornpa.ssillg  N,Q2  (see Sec. 3.2), lJ, and V. ’lllus,  tcrloftlkcobscrved
colldcnsatic)rls were found to deviate noticcahly  from tllc train “prol)cr”.  ‘1’o this  date it
is IIot clear wllct]]cr SOII)C other corldc~lsations,  ill ])artic.ular C arid/or D, s}lou]d  likewise
l)c classified M ]rlclnl)crsoft]iis grcml),

3.2. Physical evoluiioft oj ihe train

‘J’wo of tllc colldcnsations,  J and hf, had only hecn detected t)y Jewitt d al. ( 1 9 9 3 )
o]) four occ,asiolm t)etwcc~l  late hlarch  and mid-July 1993. ‘J’Iley  are lmt a~)parcnt on
tllc images taken with the }Iut)l,lc Space l’elescope  (11 S’1’) on July 1, 1993 (Weaver et
al. 1994) and were not reported at any time  during 1994. An u~ipul)lisllcd  account of
a possil)lc clctcction  of J ml the cornet’s image taken at hlauna Kca orl l)cccmher  14,
1993 dots not a],],car  to tw correct.

‘J’hc first siglis of ilnl~cllding  dramatic changes in the a],pearancc  of tllc train bccarnc
evidc~tt on t])c July, 1993 images c)~tained  with tlm 11ST (\Vcavcr {i al, 1994). Wllilc t}le
cornl)oncmt,s  J al)d hf vanished, tile condensation Q, the brightest at tllc tillic,  a])pcared
to IIavc a faint, cliffusc  c.ornIJarlioli sor~)c 0.3 arcscc away at a positicn) ariglc c,f W30°. At
tlic location of tllc condellsatiorl  1’ twc) very diflrrsc  ne~ulosities  call be see]),  lCSS tharl
1 arcscc a])art  and aligned approximately with the train. The corldcnsatioll  L lnay also
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IIavc  cxllil)itcd a colnpallion  ncbu]osity  to tllc north. l’lw spatial brig} liricss distril)ution
in tllc co]lctcnlsatio~ls  was rcportcxt by W’cavcr cf al. to br significantly flatter than ttic
illvcrsc first ~)owcr  of clistarlcc  fro]n the center, with no mol(!cular  clnissiol]s.  ill tllc spectral
region bctwccll  2220 and 3280 ~.

IIy late J alluary  1994,  tllc tilnc  of the )Icxt 11S’1’  observat ion (J$’cavcr  ci al. 1995),
tl)c 1’- Q region IIad ctcvclc)~)cd considerably, “J’hc condcllsation  Q was nla~lifcst]y broken
into  two, a briglltcr  Ql and a fainter Q2, 1.2 arcsec apart and tllc fainter to tllc llorth-
IIori.llwcst  of tltc brigl)t,cr. ‘1’hc condc)isation  1’ also consisted of two wictcly sclJaratcd
ncbulositics. ‘J’hc fainter and poorly condcnscd cornpo)lcnt,  l’j , was 4.2 arcscc. frolil
Q] and allnost  e x a c t l y  to tllc ~lorth, wllilc the briglltcr,  1 ’2 ,  was  5.0 arcscc fro~n  QI
ill tllc llort,}l-]~ortllcastcrll  direction. ‘1’I)c scparatior)  of 1’1 from 1’2 was 2.2 arcscc, the
forlncr  nearly to the west of the latter. Both conl])ollcl)ts  looked elo~lgatcd: 1’1 very
distinctly to the west-~lortllwcst, ia tllc direction of the tail; 1’2 ICSS nc,tic.cably to t,llc
sout,tlwcst,. Anotllcr  significant dcvcloIlmcllt  was tlic issua]lce, in tlic souitlward  dircct,ion,
of a brig])t “spur” fro]n tllc condensation S (Weaver 1994). ‘J’he spatial distribution in the
condcllsatiolls  bccalnc  stccpcr  tl)an tllc inverse first power of distance. ‘1’IIc a~~pcarancc
of tllc nuclear trail),  cxc.cpt for t]]c condensation w’, is slIown in Fig. 1.

Further morpllologic.al changes were noticed 0]1 the 11S’1’  images c)f tllc colnct  takcll
011 hfarcll  29-30, 1994. ‘I’l Ic condcnsatio~]  1’2 had Lccc)]nc doub]e, t]lc failltcr  colllj)oljcllt
a~u)caring rather diffllsc,  and the sp~lr of S had grown  failltcr  (Weaver 1994; Weaver cf
al. 1995). W’lii]c most c.olldc~lsations were still  sllarp]y defined, tllc coll]]~clllcllts  1’1 a~ld ‘J’
were barc]y  disccrl)ib]c  as virtually u~)co]ldcnsed  ]IIasscs oi rnatcrial.  Agai]l, IIO mo]cc.ular
clnissiolls  were detected i~l the 2220 -3280~ region.

'J`]lc]l S'J'lllo)litorillg  oft]lcco~l]ct  co]~titlLled t~lroLlg~lo~lt  thcmolLt]ls  ofh’lay- July 1994,
O])C of the IIigllligl]ts of this  period being the spectral detection c~f a strc)ng outburst of
h!g+ on JLIly 14, followed l~yarnajor incrcasc  ill tile colltirl~lu~~latlc)llt  18 lnillut,cslatcr
(Wcavcrcfal.1995).  'J`l,cal~sc~Lc.c ofar,y~]eutral  r,~c,lccl\]ar e~~lissiol,s il, tl[cs~,cctr~lrI]
bctwcc]l 2220 and 3280~  was again coIlfir~llcd.  ‘J’lic i[nag<.s snow that tile cmltral  rc.gions
of tllc co~ldc]lsations, a fcw seconds of arc across, rcmaillcd  srjllcrically  sylnlnctric  until
onc wccli or so prior to irn]~ac.t, at which time they t,cgan to grow strikingly elongated
along tllc clircction of the trai]i.

1~1 the lncalltirnc,  ground-based oh+crvations- interru])ted  in late J uly 1993 bccausc
of the comet’s approac])ing  conju]lction  with tllc Sun--resumed in early IIcc.c]nbcr  1993
and continued duril)g  1991 until  impact. ‘J’hc cc,]ldcnsaticm P2 was otmervcd  cxtcnsivcly
and M late as July 14 at the European Southern Observatory at La Sills and July 19 at
tllc hiauna Kea Observatory. Groulld-b~sed  observations of PI apparm,tly  i,crrnillatcd
in late hlarch. ‘J’lIc  condensation Q2 may have been sighted on only a fcw c~ccasions and
was measured pcrllajls  just O]) CC. On hfay 7, 1994 Jcwit t & Trer)tha]li  (1994)  dctcctcd
a companion to the condensation G, 5.1 arcsec to the northeast of it. ‘JIIc existence of
tliis  conlpa]iion  was confirmed c)n t}le 11ST ilnagcs takcll  on hiay  17, by w]lich time its
separation distance illcrcascd  to 5.9 arcscc (hToll & Srnitll 1994). OJL the otllcr  }Iand,  its
identity with a faint object located 4.1 arcsec to tllc no) t]]-nort]lcrwl c,f G o]) tllc lIS”J’
images from hlarcll  29 is highly doubtful.

3.3. l’hc dust trails

Otmcrvations  of tllc two trails arc very limited, conlJ)arc(l with tl]c extcl,sivc  amount of
inforlnation  availab]c  on the nuclear train. Allnost  all the published data refer to the
car]y post- disc.ovcry period, late Marc.}!  throug]i  late hiay  1993, ‘1’llcir IIcarly  corn~)lcte
list is prcscntcd  ill “J’ab]c 2 of J’aj)cr 1. The west-southwestern trail  was }Icrfcctly  aligned
wit]l tllc nuclear train a~ld its sont]lcrn  bout)dary  apI)carcxl  to bc lnargina]ly  sllarpcr  than
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PERIODIC COMET SHOEMAKER-LEVY 9 ON JANUARY i4-274~4
&“

@“’e,  T :“ ‘. ;:’,
,#4 #:.

I I ;’* &  - *’ @’‘ *“W;; ‘ ~~~~ -iii ,‘ < sm~,.
!! ; , # ‘ ‘“ ‘:, “~”’’<y’?  ‘?” ,.%

A B
C D E Fi I I

I &“@
, “ 1 >%:’? ‘ ‘

)

4,$., . , %

G
,1 1,

1
NORTH H

K L N
;1’ ;
[ Pl, Q2R t ~~ ‘r

,  \ ’ ’ ’ ’ ’ ’ ’ ’ ’ ”

SCALE (10’ km):

/

T“ v’
P~ I s

n
-7

0 1 2 SUN

,

NORTH
PERIODIC COMET BROOKS 2 ON AUGUST 5,1889

!
! 1 I 1 I 1 I 1 t J

I
J

SCALE (10’ km):

*

Q f
SUN

2

IE #
I ,.. ,,.’.

D .*X? +- - *%:6&Y.>:,.  ,  .-.,.’ >:, “% .  .,. ,, < . . . f’..’. ., >.:’;
!

I
I I

c
a A

Fig. 1. Comparison of the appearance of periodic cornets Shoemaker-Levy 9 and Brooks 2. Top: Mosaic image of the nucIear  train (except for
the condensation W) and the tails of Comet Shoemaker–Levy 9 taken with the Wide Field P1anetary  Camera 2 of the Hubbie  Space Telescope on
January 24-27, 1994. The 20 visible condensations are identified in the commordy used notation introduced by Sekanina  et al. (1994 and later
expanded to accommodate the additional condensations. kThe projected linear scale at the comet and the directions of the north and t e Sun are
shown. (Adapted from an image provided by courtesy of H. A. Weaver and T. E. Smith , Space Telescope Science Institute. ) Bottom: Drawing of

(

P Brooks 2 made by E. E. Barnard (1889) and b~sed on his visual observation with the 91-cm equatorial of the Lick Observatory on August 5, 1889.
T e notation used for the five condensations is that of Barnard. The scale and the orientation of the drawing are also shown.
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that of tl]c cast-llortllcastcr-n  t r a i l . ‘1’llc two trails lnade  au al)glc of 176° with cac.11
ottlcr,  wit]] an unccrtaint,y  of about 4:2°, Nolllorl)llologic  al fcattlrcstl]at could possibly
sug,gcst  t]ic ]>rcscllc.c of faint  cc)nctcllsation,s  were ever reported ill ciltlcr  trail, Lut it
qlpcars that ]Iot cnougl]  effort has hccn lnadc with this goal ill ]nind. ‘J’c)  t]lc north,
tllc trails hlc])dcct  into  tl)c structurc]css  sector of material. Froln tllc Ctcscri],tions  hrmcd
o]) 10 low-resolution ill]agcs, t]lc lc~igth of the casl-llortllc&stclll  hrallcll  was, on the
average, 0.63 tl]c length of t]lc west-southwcstcrli brancli. ‘J’i)c maxilnlltll ]cngtl)s were
rc])ortcd hy Scotti (1993) on March 30, 1993: wIO.4  arcrni]l at apositic,n ri11glcof260°  for
tllc west-sout l lwcstcr l i  branc}l  and wG.2 arcmin at 75° fol the cast-llort]lca.st crll b ranch ,
lncasurcd  fro]]]  tllc t,raill’s n~id~)oillt. Con~IJutcr proccsscd  irnagcs  SIIOW,  IIowcvcr,  no c l e a r
diffcrcllcc bctwccn  the lcngt]ls  of tllc two hranc]lcs  (Scot(i  & hlctcalfc  1995). ‘1’lic only
19940  hscrvation  so ft,tlctrailstllat 1 anlawarc  ofwcrcrci)ortcd  hyI.chk~ (1994)  andby
Scotti.&  hictcalfc(] 995), l)otll during  Fchruary.  ‘I’llctrails  w’crcf:idirlg  ralJi(lly  witlltilllc
and L]lcir cxl~ansio~l was consistcllt,  according  to Scotti  L? hlctcalfc,  wi~ll tlic assu]nr)tion
of l)o cvaI)orat,iol]  al}d ]Io further production of dust mat(rial.

3,4. The ioils

‘I’llc  tails assoc. iat,cd wit]! t]lc colldcnsatiolls  were ohscrvc(l  virtually at all tilncs  hctwccn
discovery and collision. ‘I’hcir orientations andlcngths  dciivcdfrcnn  tliccolnct’s grorrnd-
Lascd images taken in the early lwriod after discovery were suln~llarizcd if, ‘1’al,lc  2 of
l’apcr].  ‘J’llctails  wcrcre])orted  tol,oi])ta ttllistill~eat tl,cposition allglcs l~ctwccn280°
and 300°, making  an a)]glc  of -30° with the nuc]car  traili. ‘1’]lcir ]c~lgt]]s,  dc])clldingo~l
ohscrvirlg  col)dit,iolls aud cm thcemployedt  clcsccj~jej t}le cxposurctiloc, arlcl the spectral
window, were found to bc UIJ to *8O  arcscc. Additional tail ohservatiolls were Inaclc  by
Sc.otti&  .hIctcalfc(  ]995)inboth  1993 and 1994 andhyli  hf.West ciol. (1995 )sliortly
hcforc ilnpact.  l’llcscrcsult.s arc discussed ill Sec. 4.4.

“1’lIc tails arc displayed pro~nillcnt]yon  most c,f the }1S’1’ i]nagcs ol,tairlcd  ill 1994,  ati
cxaln]~lc of wllicll, froln late January, is reproduced in I’ig. 1. ]tach cmlclcnsation  had
itsow]l tail, WIIOSC length and dcgrcc ofprorninellce  clearly correlated wit]) tile ‘[l)arcnt”
colldcllsatioll’s  brightness. l’he tails of the major condensations, such as {; or K, arc
seen to have cxt,crldcd  at this tilnc  all t}ic way to the edge of the field al)d tlicir  lengths
~lmst ]lavc greatly cxcccdcd 25 arcscc,  or 100,000 kn] in projectio~]  onto tl}c sky plane.

‘1’hc  apparent breadth a fcw seconds of arc from the condensation is csti~nat,cd  at
4-7 arc.scc for the Lrig}ltcst tails, hut only at *2 arc.scc or so for tllc fainter ones,
c.orrcspoliding  to projcctcd  linear widths of 8000 to 25,0(~0 knl. ‘1’here is cvidcncc  that
tllctails ofsolnc oftt]ccondcnsations  (suc}las  E,lI, and S)hroadcncd ~ll(Jrcsigllificarltly
with  distance fro~n the train than did tile tai]s of other condensations (SUCI) as C, K, and
1,). ’l’llcrc  also is an illdicationt]lat thcallgle t)ctwccn thcdircctic,~ls  ofttlct,rain  andthc
tailslnigllt,havc  been g,ctting snlallcrwith  tilne,

3 . 5 .  Cotnparison  wit}l oiheriidallys],lii comets

l;vcn  t}lougll the a])])carance of colnct Shoclnakcr-l,evy  9 was Iirlcll)cstiollal)ly  ul]iquc
an~ongobservcd  co]ncts,  certain similarities, howcverrcnnot,e, can he found with twoothcr
tidally disru])tcdcomcts, l’/l}rooks  2(1889V)  andthcsullgrazer  188211, rl’hcrccognition
of such similarities is of the essence i~l the context of establishing the diagrlostic.s  of tidally
s~)lit ohjccts and tl)eir ohservahle  characteristics.

])uring  itsapl)roac.h  to Jupitcron  July  21, 1886, thejovic.entric  cml~itof  1’/llrooks2 was
sliglltty  llyI)crt)olic  (Sekanina  & Yconlans  ]985) and the c.ornct’s  post-c  llc.ount,cr  ori)ital
evolution was very different, fro~ll that of Shoclnakcr-l,cvy  9, After passi]lg two p]anct’s
radii  fro]n  tllc cclltcr  of Ju])itcr,  1’/Brooks  2 settled in a ncw hcliocel)tric  orbit, whose
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pcrille,lio]l distallcc  was 1.95 AU. The comet wrm discovered shout t}lrce years later and
was 1.16 AU froln the l~artll a)ld 2.01 AU froln the Sun and ap]]roacllillg  tllc Imriliclioll,
wllcn IIarnard  (1889)  nladc  the object’s drawing On Au~,us~ 5, 1889, SIIOWII  in Fig. 1.
“]’wo of the ]I)or})ho]ogical  fcaturm recognized in comet  Sllocrnaker- l,cvy 9 arc apparent
on this drawing: (i) tllc nuclear train, consisting of tl)c c(nldcnsatio]ls  A, 11, and C and
(ii) the tails, whicl] in this case were aligned with the trai,,. ‘1’hc  condcllsatiot)s  1) a~ld E,
citjhcr of wllic.]1 was seen 011 only two occasions, rc~)rescnt  a pair of ‘{allonlalcjus”, off-train
ccrmI)oncIIts  analogous to Shoclnakcr-I.cvy  9’s condensations 11, F, h’, etc. in addition,
011 one IIig}lt IIarnard  (1889, 1890) cletcctcd four other  faint cornl)allio~ls to the south  of
L1)C trail]  and lnorc distant froln A than was E, hut all of them rclnained  u[lcollfirnlcd,
as did a c.omll)anion rcl)ortcd  hy Rcrlz (1889)  on another day. IIarnard  (1 890) susjmctcd
that at least  SOIIIC of tllcse  ohjccts  may have in fact l)ecll fairlt,  ullrccorclcd llchulac.

‘1’llcrc was ]10 evidcrlce for wil]gs extending from tllc colJdcnsatiolls  ill citllcr  direction
or for a sector of diffuse nlaterial spreading to citllcr  side of the traili.  IIowcver,  Weiss
(188!3) rc~,orted t.hc detection of a ]ICLU1OUS  sheath enco,n]~assi],g  tl,e co~,cle],sations  A
and 11, w]]ilc  l)arnard (1890) rc]j)arkcd on the almcnce of any sucli llehulosity  duril]g  IIis
ohscrvatiolls  on the same dates.

Although the relatively straightforward, empirically infmred parall~lislll  t)~twccr~  SOInC
of the rnor]~hologica]  properties of co:ncts  Shoclnakcr-I.cvy  9 and IIrock 2 is found to
hc rather encouraging and appealing, the results of dynalnical  talc.ulatiolls suggest t}lat
the situation is more com])licatcd  and that there  are eve]) fewer silllilaril  ics between tllc
two colncts  than onc is at first sight lcd to bclicvc.

‘1’llc nuclear region of the srrngrazing colnct  1.8821 I wa.~ okscrvcd to ccllisist  of at least
five condensations after pcrillclion. They lined up in tl, c orbital pla)le in a direction
that, after correcting for cffcc.ts of forcshortcnillg,  was lagging t}le s~l]l-  co~llet line t’Y
n]orc than 20° in the early post-~ ~crihclion  ~)criod,  hut gradually lCSS with tilnc, ullti]
the two directions coincided some 5-6 rnont}~s  later, at tile ti~nc c,f tllc final ohscrvations
(Krcutz  1888). The brightness of tl,e individual compo]lcnts  varied with time,  t,ut the
sccolld and the third colidcnsations  from the train’s sunward end were collsistcrltly  the
lnm~t pro~nincrlt ones. An elongated nchrrlous sheath of rnatcrial  was cnc.losilig the entire
train. W}Icn last rncasurecl, about 150 days after pcrillelion,  the s})cath was almost
3 arcnlin  long, which is ecluivalcnt  to a projected extent of more than 300,000 km. It is
conceivah]c  that tl)c far regions of the sl)cath  would haw eventually cvcJvcd  into wings
sinlilar  to those displayed hy cornet Shoemaker---Levy 9, if they were sufiic.ic]ltly  hrigl)t
to have rclnaincd  ul]der ohscrvation  still ]ongcr.

4. lmp]ications  for moclelling c o m e t  Shoen~aker-Levy  9

l}eforc  turning to tile discussic)n  of the various lnode]s ~~roposcd for cc,liwt Slloe~naker-
l,cvy 9, I list a few critical issues that represent cxc.ellent test criteria and are therefore
to bc addressed first. lhc nlcrit  of a paradigm depends primarily 0]1 the degree of
its conforlnity  with ohscrvatiom used in the course of its formulaticm,  but also on the
plausibility of the assumptions employed, and ol)vious]y  very much orl tllc succcss  of any
vcrifiah]e  ])redictions  that it might offer.

4.1. hiorphological  icst criic lia

Fronl  the descriptions of the cornet’s appearance in SCC. 3, two criteria arc idcntifkd
for testing a model: (i) it s]lould explain quantitatively tile four C1:LSWS of rllorph~
logical features detected (the nuclear train, trails, tails, and tlic sector of rnatcria])
and t}lcir evolution and properties; and (ii) it should he concc]ltual]y  co~lsistcllt with
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una]nbiguous,  rllodcl-il]{lc~jc~]dc~lt  col]clusiolw  based on direct obscrvatio])al  cvidcncc.
ICacll model  sl)ould also bc judged in a broader context, in SUCII tcrrn.s  as the object’s
inl])licd  long- tcr]n  dynamical stability, the plausibility of postulated ]Iroj)ertics,  and the
paradigm’s compatibility with current views on the physical behavior of c.omcts.

‘J’lIC aspects of tl)c ])roblcm that arc co~lsidcred the Inost significant arc individu-
ally disc. usscd bc]ow. The firs~ ]Joint to make is that tl]c four classes of dust features
should bc viewed as different rnanifcstations  of the same process a~ld as illtcgral  prod-
ucts of an i~litially single object. If either of these premises should bc rclillquishcd,  onc
may as WC]] aba~]do]i  altogether any attempt tc) forlllulatc  a physical II Iodcl  for co~nct
Shocxnaker- l,cvy 9. Once these premises arc acccptcd,  however, a~ly ]nodc]  based 011
tllc illtcr])rctation  of ox)ly  solnc c,f the morpbolc)gical  features (such as tl, c nuclear trai~l)
should  at, best bc considered irlc.olnpletc and tentative, tllc judglncnt of its IIicrit should
I)c postponed  snbjcct to further testing, and all tl)c conclusions to wl,icll it leads s]lould
bc viewed with caut,ion a]ld skc],ticisrn.

‘1’hc  second point, to make is that the observed ~nor]l}lology c)f tllc liuclcar  train of
comet S]]ocmaker- I.cvy 9 offers most information and its analysis should unquestionah]y
bc the to}) priority in modclling  efforts. Some of tile trail,’s  pro])  crtics aIc diagnostically

so critical tl)at  they dcscrvc  s~)cc.ial  attention.

4.2.  7YLc t ra in’s  oricrztoiioti

‘J’cml)ora]  variations in the train’s orientation arc al[]on~, tllc dyllalllical  c.tlaracteristics
of c.ornct  Shoc]nakcr-  l.cvy 9 that have been determined with very IIigll accuracy and are
of fundamental imljortance from t}ic standpoirjt of rnodcl]ing. ‘1’}Ic dc]}ci)dcnce  of tl)e
positiol)  ang]c of the nuclear trail]  0]1 the co~lditiorw at the tirnc of tidal disru])tion  was
investigated in Paper 1. TIIC orbital calculations showed conclusively that for a given
trajectory of the comet  and a fixed time of breakup, no lneasurah]c  effect 011 the train’s
orientation could bc gc]lcrated  by variations, within  physlca]ly  lncallillgful  ranges, in the
ilIitial  radial distances of tl]e fragments from Jupiter (~vliich rc])rescnt  tllc dimensions
of the parent nucleus) or in tllcir  orbital velocities (wl]icb silnulatc  alIy Cfrcds in tllc
rotational and/or translational molnentu~n),  or sornc conlbinatio]l  t}lcrcof. ‘1’hc  only
paralncter that dcmo]istrably  affects the train orientatio)l  in a systcillatic.  nianllcr  is t}]c
rnodc]-indcpcndcnt  iimc of dryiarnical  scparaiior~,  also called the (flcctivc  ii~nc oj brc,akup.

In practice, the train’s position angles derived from astromctric observations were
found to depend sJightly,  but measurably, on the seJcc.tion  of the corldcnsations.  For
the sake of uniformity, it was necessary to select a ‘(s[ andard” set of condensations.
Since tllc origin of tllc group of anomalous condensati(ms  (B, k’, J, hi, N, etc.) was
suspect, its members were the first to be excluded froln any such starldard set. The
selection was essentially dictated by a balance betwecli  two sorncw]lat  contradictory
requiremcrrts:  (i) hy t})c need to employ the largest ])ossible  nulnl)cr  of otrscrvations
and (ii) by a condition that the position arrglcs c.alculatcd from tile standard set bc
representative of t}le “intrinsic” orientation of tllc train as a whole. Since most observers
measured only brighter colidcnsatio]ls,  the first ])oint implies the need tc) elnp]oy as fcw
c.ol)densations  as possible. By contrast, t}lc scccnld  poini requires a large nurnbcr.  After
much exl)crimclltation,  tile standard set was dcfi:led  in l’apcr  1 by eight condcnsatior]s-
E, G, lj, K, L, Q (later Q]), S, and W. Comparisons wit]l other sets showed that, cxccpt
w h e n  the anomalous condensations were much involved,  tile positiorl  atlgks differed at

most by a fcw hundredths of a degree, This is only a slnal] fraction of the typical
uilcertainty involved in the position-angle dctcrrninatic)ns, which was about 4.00.1 for
hi.gh-resoJutiorl  images (telescopes of *1  .5-meter aperture or larger) and so]nc +00.3 or
so for ilnagcs  of lower resolution (telescopes of ~1-rneter  aperture or S.nlal]cr).



I

Z. Sckalli~la: Y’idal breakup of Comet  SIbocmakcr-l,  evy 5 9

L

DATE 199394 (UT)

Fig.2.  "l`llcteli]lJoral  Clistrit)utioll ofrcsi(luals  oftl{clluclcar  trairl's Jjositioll all~lcas afullctio1lof
t}ie assumed CffC!Cti  VCt;  Jlle oftida] disru],tion,  to. ‘1’}Ic dots rcl,rescnt the 144 data points, dctcr-
mincxl l)yfittil]g astroIllctric ot)scr\'atiol[s  oftliesta1l(lard  set’scightcolldcllsatir,ns Ethrough W.
'l`llccllrvcs sllowtl,  evariatic)ris il, tllccalculatcd position ang]< forsevcn diflcrent  eflcctivetilncs
of breakup measured  relative to tllc tilne of perijove, 7) = 1992  July 7.860364 ‘l’l)]\.  For the
optimized solution, tO -!/j =: ~ 2.5 l,ours, the calculated variations are represented by a straight
]inc. (After Sckanina c1 al. 1995.)

All]) oug]l relatively subtle, t}Ic deviations of the nuclear train oricnllat ic)l) from the val-
ucs l)redictcrl  for lJcrijove were found in l’aper  1 to be sufficicllt]y pro]ioullccd that the
cffcctitw  time  o/ breakup, to,  could bc determined, wit]l aJI estimated clror  of 3:0.5 hour
or so, from observations lnade  primarily in the early pos(-discovery l,cric)d  of time. TIIC
tilnc to, which dcscribcs  tllc colnplction  of a post-breakup collisiollal r~distri~ll~ioll  of
tl]c debris rather than the initiation of tidal fracture, was calculated iii ]’apcr  1 to equal
2.2 ]Iours  after ])crijove, based on a total of 42 astrcnnctric  positions frolll 1993. A ncw
result brwed  on tllc rcc.cntly ex])anded database, includi]lg  all 144 rclcvwit  observations
froln 1993-1994 (Sckanina  et al. 1995), essentially confirllls the solution derived from tllc
slllallcr  sample; tllc statistically best estimate is now 2.5 hours, agai~l with an esti~natcd
error of 3.0.5 IIour. ‘1’IIc distribution of the residuals in Fig. 2 SIIOWS that t}lc 1994 ob-
servations,  wllilc cntirc]y  consistent with tlie 1993 ones, fail to inl~lrovc  tbc solution
sigllificant,ly bccausc  of a dramatic decrcasc  ill tlie sensitivity. ‘1’lic detailed intcrprcta-
tio~l of tllc cffcctivc breakup tinic  is arl issue that each IIiodcl is tc) set! le withill  its owl!
fralncwork.  1 will return to this ])roblcln  in Sec. 5.

4.3. .$econdary  jrogmcniaiion

‘1’IIc IIcxt fundamc~ltal  issue is that of tlie origin a~ld the IIature  of tlie ofl:train, anomalous
condensations. l’llis  point, too, wm addressed in Paper 1 on the example of the motion
of the colnpo]lcnt  1’ relative to Q. ‘1’hc 12 relative positions between late hfarch  1993 and
rnid-Jamlary  1994 could bc satisfied with a mean residual of AO.28 arcscc,  if 1’ separated
from Q in mid-Novclnbcr  1992 (with  an uncertainty of a fcw wrecks) at a relative velocity
of 0.9 n~/s. Nvidcncc for si~nilar events of secondary jragmcrriation  bccal]le  ubiquitous
duri]lg  1994. Two cxam~)les arc reproduced in Figs. 3 and 4, both based C)]I the results
of a work in ])rogrcss (Sckanina  et al. 1005).  Figure 3 dislJlays  an ur~datcd solution to
tl)c motion  of 1’2 relative to Q, whic]l satisfies 74 observations bctwccll  Marc}l 27, 1993
and July 19, 1994 with a mean residual of CEO.29  arcscc. ‘1’hc brcaku})  was found to
IIavc oc.currcd  on 1992 IJcc.. 2949 days with a scparat  ion vclc~c.it  y of 1.144 0.08 In/s.
Figure 4 displays tllc motion of Q2 relative to Q1, based on very accurate ~nmsurclne~lts
froln tllc 11S’1’ i)nagcs. ‘J’IIc  ciglit positions ccwcr the period of tilnc  froln July 1, 1993,
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Fig. 3. l’rojcctcd motion  of tIiccon,I)onent 1’2 relative to Q, Imcd  on 74  ot,sc]vations  tmtwccn
hfarcb 27, 1993 al]d July 19, 1994 and interpreted asdueto  asl,littiugc,f t}le twocoltdellsatio]ls
on ])cc.  29, 1992 wit]l a rc]ative velocity of 1.14 ni/s. ‘1’hc dots arc the ol,scrvations  and the
curvc  shows the optimized dynamical solution. (After Sckani], a et al. 1995. )

wllcn tllc two components were just  0.3 arcsec apart, to July 20, 1991. ‘1’lJc solution,
lcavinga~ncall re.siclual of A0.029arcscc  (!), yields 1993 Apr. 124  8daysfortllcdatcof
splittit]g  and 0.32&  0.02 ]n/s for the separation velocity.

‘J’lIe fact that the co)nct>s  fragmentation continued as a sequence of discrete eveuts
for a col]siclcrab]c ti]nc a.ftcr the 1992 grazing euc.ountcr with Jupiter has cnlormous
ramifications. First of all, sccol]dary fragmcntaiion  was positivc]y  IIolltidal in nature
Next, for all practical purposes it is certain that al(of tile off-trairl corldcllsations  were
JJroducts  of this process, so that tile number c)f ~najor  compo~lc~lts  .sI)lit off f r o m  t h e
parent c.omct  by tidal fract,urc  was not 21, but  lnost  probably 10 12. ‘J’he preliminary
results also indicate nc) need to introduce differential accclcratio]ls  in tllc ]lmtious  of the
off-train condensations, altl]oug)l n]ttcllw'ork still  re]~laiI]s  to beco1:][Jl[!tcd.  ‘J’lleapparcut
abscnc.e  ofsuc.h accelcratlic)ns  lends support to tentative cc,nclusiolls  that IIeitller effects of
solar radiation pressure nor nongravitational  eflects have been detected, and that these
colldcnsatiolls  werc]witllcr 100SC assemblagcsof  small-si~c.d  particulate lnatcrial nor did
tlleydis])lay any activity.

Scc.ondary fragmentation will unquestionably stay in tllc forefront of atttmt ion for some
time to come. A i]lausible  physical model for Shoen~akcr-I,cvy  9 n]ust account for this
sequence of discrete cvcllts,  lnost  of which ap])ear to have taken place between early
July 1992 and thcbcgiuniugof  1993, when the nuclear train wasrcccdirlg  froln Jupiter,
and a]so cxI)]ain  the observed rc]ativc  velocities involved, of u~j to at kZLst 1 In/s.

4.4. 7hilorieniaiion  and morphology: l{elationio  i}~c problent ojaciiviiy

‘1’lIc  prolrlcrn  of Shoernaker-I.evy  9’s outgassing  activity, especially af(cr discovery, }ias
been ahot]y debated issue. With tbe exception oft}, cl,rief ap])caral)ccof  h~g+ shortly
beforcim])act (asalready rncnt.ione din SCc. 3.2), noen~ission  wrasevcr c]etecteds]~ectro
scopically.  “I’llc~ll~s~lc. cess[lll scarc}lfort})e  hydroxy]radi{al  with the IJS’J”  S Fai]ltObjec.t
S1)ectrogra])l]  at]dfron~t ])egrollI)d yielded a3uupper  lilllit  ontl,ewatcr I)roductio~lr  ate
of 30 to 60 kg/s (Weaver ci al. 1995; quoted here is the range of corrected values).
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Fig. 4. l’rojcctcd IIlotion of the colnponent  Qz relative to Q],  based on eight 11 S’1’ ot,scrvations
made bctwccn  July 1, 1993 and July 20, 1994 and interpreted to result frc~n] a splitting of tlIc
two co]ldcrlsatio]ls  011 A~,r. 12, 1993 witli a relative velocity of 0.32 rnls. I’hc dots arc the obser-
vatiolis anrl the curve shows the optimized dynamical solutiou. (After %kiinina  et al. 199.5.)

lncfircct  infor~nation OIJ the ol)jcct’s possib]e a c t i v i t y  i s  providcxl by the Cmielitation
and InorplIology of t]]c dust tails. It was stated ill l’apcr  1 that tllc c,ric]ltation  of the
tails observed in hfarcll  1993,  sllc,rtly after the coroct’s  discovery, cssclltially  supports the
conclusion that tl)cy co])sistcd of JJartic.ulate material that had been rclcascd  during the
tidal breakup in early July 1992 and subscqucnt]y  srrhjcctcd  to effects of solar radiation
])rcssurc. ‘1’hc  rcsu]ts  of R, hl, West ~f al.’s ( 1995) careful study of tlic tails of t]lc
fragments G and K in the period of July 1-15, 1994 arc also generally consistent with t})is
conclusion. ‘.J’hc ncw preliminary results of our wcnk (Sekanina  ef al. ] 9’M), which is s~ill
continuing, indicat,c that, using an updated set of orbital e]cments  for the fragrncnts,  we
have apparcnt]y dctcctd small but sysi(:rnaiic  dcviatiolls  of the tails’ reported position
allglcs from tl]c tidal-breakup syllcllrorlc. l’he  dcpcndencc  of tllc tail oricnltation  on tllc
tirnc of ;)articlc  rclcasc  is plotted in Fig. 5. lhc ot)scrved  tail oricntatimls arc from four
sources: (i) most of the data in hfarch  1993 arc irom Table  2 of l)apcr  1; (ii) the majority
of the points before July 1994 arc lJrcliminary  values for the fragyocrit  G by Scotti  &
hfctcalfc  (1995), wil,h an estimated uncertainty of several degrees; (iii) two points arc
tl]c author’s estimates on available 11ST prints (for six fragments in each case); and
(iv) tl]c points in July 1994 arc averages of R, hl. \Vcst et al.’s (1995) results for the
frag)ncnts  G and K at 15,000 km from the condcl]sation.  IL is evident frc,rn Fig. 5 that the
sync.lironcs corresponding to times of rclcasc in SeptemlJcr-Novcvnbcr  1992 arc forloally
more consistent with the ohscrvcd orientations than the synchronc  of early July 1992.
IIcc.ausc of uncertainties involved in tllc rncasurcd  positio], angles arid tllc I,oor resolution
duc to t}lc “rowding’) of the synchronies, all one can conc]udc at this tirnc is that the
observed tails consisted of dust,  }~articlcs  released roost probably duri]lg the period of
tirnc between early July and tile cnd of 1992, Available eviclcnc.c does liot make it
possible to dccidc (i) whet]ler  tllc release of tllc ],articulatcs  was continllous  or procccdcd
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Fig. 5. “J’lietail  orielltatiol]  asaful, ctionoftheassun,ed tinlcofrelea.~  co fl,articulat  cniatcria].
‘1’deposition angles measured onground-trased  irnagcs  arcp]otted  as circles;  those  estimated hy
the autliorfroln  twoll ST pri)lts,  ~s squares.  Most of the hfarch  1993 data ale fro]n ‘1’able 2 of
Pa],cr  ]; thcmajority ofthcpointsbcfore July 1994 areprelilninary values  fox thcfragnlentG
hyScotti  &Metcalf  c(1995); andthoscfronl  Jrrly1994are averages of R.hI. West  ctol, (]995)
results for tlie fragll)ents  G ancl K at 15,000 kill froni the condensation ‘1’}ic  synch rones  for par-
ticlesrclcascd illn~id-  through  late Novclnl,cr  19921 )cca~[le r1earlyaligr[e[l  witt[ t}lecon]ct-Eart}l
line during hiay  and June 1993, resulting in a ra~,id variation ir, tl, c position angle (dotted
curves). I’hc  nrrclcar-train c,ricntation  is plotted for cornparis{jn. (After Scka],ir,a  ct 01. 1995.)

in a scclucncc  of discrctc  events and (ii) whether or not it was outgassillg-  drivc]i. From
the tcm~~ora]  coincidence it is tempting to associate the tail formation wi(]l both the tidal
brcak~ll> alldtllc cvcl~ts  ofscco~ldary  fragrrierltation.  IIowcvcr, unlcsslllorc  islcarrlt about,
Shoemaker-].evy 9’s tails in the future, the pro])osed  relationship with tllc secondary-
fragmclltation events  will necessarily rcrnain speculative.

ltwa.sa r-guediu}  ’aper 1 that ifthefraglnents  were active,  tlleywc~uld }}avedisIJlayed
tails to the east-southeast from the condensations during certai]) periods of time (span-
l~ilIglllally  n~olltlis), co~ltrary totkleotJservatio1ls.  In order to address a counterargument
(Weaver et al.  1995)  t}]at  such tails Inay not have been detcctab]c,  if the dust production
rates were very low, it clearly is desirable to obtain at least crude cluaniitativee stirnates
for critical dust produc.tion  rates. Altl]ough this  issue isl,ot hcreinvestigatcd systcmati-
tally, two examples shown below aresufllcient to illustrate apprc,ximitte  limits that such
considerations iml~ly. ]n both examples the partic]c  size distributio]l  function is assumed
to vary inversely ass the fourl}l power of the particle size--a reaso~lablc a]>proximatiou
.supportcd  by results on a number of comets, tllc visual geometric albedo  of the dust,  is
taken to bc equal to O.O4, and tllc total dust produc.tiolt rate is understood to refer to
partic.lcs  w}loscsizcs  rangcfrornO.1  pmtol cnl. For tllc assumed size distribution, the
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results arc relatively illscnsitivc  to the choice of the size limits; i]lcrcasirlg, for cxalnl  Jlc,
tllc upper liinit  froln 1 cm to 1 III would incrcam  the production rate by a factor of only
1.4. in the first of ihc two cases, 1 assume  dust particles cjcctcd  in early J atiuary  1993. III
late hlay ]993 some of tllcsc  cjccta would bc located in a tail about 1 S arcscc  away from
the ])arcnt  fraglncnt  and at a position angle of ~1 10°. II_ the tail detection on ground-
bascd  ilnagcs  requires, colmcrvativcly,  a surface bright, rlcss of, say, =24 lI]ag/arcscc2,  tllc
lilniting  dust production rate is N2 kg/s, more  than an order of magnitude lower than
the cluotcd uj)I)cr liloit  on tllc water production rate. In the sccmld case, 1 a.wu Inc cjcc-
tiolls  near hlarcll  20, 1994. ON the comet’s image taken with tlic llSrl’ o]) hlay  17, 1994
(rci~roduccd by Weaver ci al. 1995 in their Fig. 1) a tail consisting of t}lcsc cjccta s]lould
bc at a position angle of =103°. ]f at N5 arcscc from the ]Jarcnt frag]ncnt t]lis tai] s]lould
IIavc a surface brightness of 25.5 nlag/arcscc2, whic]l is above tllc 11 S’1”s instrulnclltal
noise and tllcrcforc  cmily  dctectablc, the lilniting  dust p] oduc.tio]l rate would be lncrc]y
0.2 kg/s, yet another order of magnit~ldc lower.

It is obvious that the observed tails must have c.onsistcd of dust released exclusively, or
almost cxclusivcly,  iri t}le second half of 1992. ‘1’llis conclusion sets  tight constrairlts  on
particle sizes and velocities. lhc dynamical lnodcllirrg irldicates  that tllc solar radiation
pressure accelerations on dust grains in the tails were cxtrcrncly  low. l’or  cxa~llplc,  on
tllc JLIIY 1994 images taken by R. hf. West d al. (1995) the typical acmleration ratio of
radiation pressure to solar attraction on ~)articu]atcs  located 15,000 knl from the parent
fragtncnt  amounted to 0.00005, if they were rclca~ed  in early July 1992, or to 0.00020, if
irt late 1992. ‘1’lICSC  arc pebble-sized olrjccts,  wit]l typical diameters bctwcc]l 1 and 10 cm,
depending on their bulk density. T]IC  width of the tails is dctcrmincd  by li]nits  to the
particle velocity distribution in tile plane normal to the orl~ital motio]l;  fro]]]  tile projected
lir]car  widths iri late January 1994 (Sec. 3.4) and the agc of tile I]articu]atcs  at tlic time
(~13-19 months), onc fir,ds characteristic velocities in the range fror[l  0.1 to 0.4 nl/s,
comparable with the scparatio~l  velocities of tile products of secondary fragmentation
(Sec. 4.3). And since each tail is clearly an outgrowth of its parent condc~lsation,  particles
in the latter must have had even larger sizes and lower velocities.

5. Models  for tile sp l i t t i ng  o f  come t  Slloemaker-Lcwy  9

All publis]lcd  models for comet Shoemaker-l,cvy 9 arc t)ascd on tlic assumption that
tllc Jovian tidal forces were eitllcr  entirely, or primarily, responsible for the comet’s
breakup. ‘1’his notion is supported by tile orbital calculations, which SI}OW that tllc spa-
tial positions of the various condensations, extrapolated from their absolute astromctric
observations in 1993-1994 back in tirnc, essentially coirlcidcd with onc auothcr at the
time of closest approach to Jupiter on 7 July 1992 (J’eornam  & C} Iodas  1994), the least
satisfactory correspondence beirlg yielded by the off-train  components.

5.1. CXassificaiion  of tlie models and  a  h i s t o r i c a l  perspcciiuc.

‘1’hc  various models differ from one another in several rcs]lects.  The critical discriminants
arc: (i) the gross nucleus structure and morphology of tile progcrlitor  cc>rnct  and (ii) the
role of particle-partic]c collisions. The first discriminant divides tile existing models of
the parent nucleus into two groups: either a strcngthlcss “rubble pi]c”, an agglorncratc
of smaller building blocks of material held together enti~eh by self-gravity; or a discrete
nm.ss of solids- whether or no! of aggregate structure- –posscssirlg a definite cohesive
strength. ‘1’}lc second discriminant separates tllc models that account for cfiects  of col-
lisions accompanying t}lc breakup from tllc models that treat the problcrn  arr that of
a collisionlcss  process.
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‘J’llc wide range of nuclear morphology introduced  in IIlodcllil]g  SllocI1laker--J. cvy 9’s
Iluclcus is reminiscent of an old controversy tmtwccn tllc icy congion~(  rule nucleus of
Wllipp]c  (1950, 1951) and the sand bank model, which had kcj)t colnct  ex~)crts busy for
dccadcs  and wl)ich was thoug]lt-  j)rcmaturcly,  as it now a]~pcars- to havv Lccll settled in
favor of Whipp]c’s  co]icept  by the images of IIallcy’s nucleus returned by the Giotto and
Vega spacecraft. As pointed out by Whil)plc  (1 961, 1963), tllc sand l~allk ~]aradigm has
been around,  ill o~)c form or anot]lcr,  for a century or so. 11s cxtrclnc  variaticm a diffuse,
100SC swar]n of partic]cs--  was advocated by l.yt tlcton  (1 953), but, in ot llcr versions tllc
cometary ]IUCICUS  was envisaged as a ]nucll more colnpact  agg]onlcratc.  For cxam])lc,
Vorontsov- Vclyaminov  (1946)  maintained that tl)c nuclclls  of I[allcy ’s conlct  is =30  kln
i]) dialnctcr and consists of a cluster of meteoric l)locks,  each -150 ~nctcrs  across, which
arc llcarly  in contact. Scllatzlnan  (1953) concluded tl)at a cornl)act sand t)allk assemblage
could collapse ultdcr  certain circumstances, if protected from dispersive forces, hut IIc
cautioned that in rc]cvant  scc]larios the process Inight bc 100 slow. WliiI)~)lc  (1 961, 1963)
sllowcd that the com]}act  sand bank model encounters mmt of the difflc. rrltics c)f the diffuse
~noclcl and pointed out that gravitational col)erence alone is unlikely to keep tllc nucleus
intact over cxtcndcd  periods of time. While one lnay argue that comet Shoemaker- l,cvy 9
is an cxccption  to t}lc rule, an ad hoc  postulate of this kind is qucstio)iab]c  and should
bc viewed with skc])ticism.

5.2. Strcngihlcss agglontcratr rnodcls:  7’A( pros and cons

At least two models dcscrihc  tlm nuc.lcus of conlct  S}loel,~aker-  l.cvy  9 as a streI]gtlllcss
agglo]ncrate  of subkilo]net,cr-sized co]nctcsimals  of the sa!ne size (AsplIaug  & Benz 1’394,
Solcrn  199 4). IIot}i  arc conccrncd  only with the IIuclcar train and tllc miiin difference Le-
twccn  tJIcIn is that only Solcm’s  model accounts for effects of partic]c  I,cirticlc  collisions.
A third model, briefly dcscribcd  by Rcttig et al. (1994), is still in tllc p]c)ccss of develop
mcnt;  in some of its versions a nonzero mechanical strcn~,th among  tllc -+50 meter sized
c.omctesilnals  is considered (hlulntna 1995). All distances involved i~l these lnodels  scale
with silnple  similarity and the results depend critically OJI t}lc bulk density cjf tllc assem-
blage.  “J’hcsc properties can readily bc illustrated on a spherical body, whose radius is R,
bulk density p, and gravi~ational  pressure at its ccntcr  l’c. l’hc gravitational  attractio~l

bctwccn  its two hcmisphcrcs  is ~ ~llz~’ .-, wl]ilc t,lic net ticlal force fro~n  J u~~iter, of radius
& a n d  d e n s i t y  PO, a m o u n t s  t o  mIt2P~(p0/P)(A’O/A)3  at a distance  A from t}le Planet,
‘1’hc  ]lcccssary condition for a hemispheric sc])aration  is il,dcpendcllt  of the radius 1/ a~ld
is givcll by the following expression (Aggarwal  & Otrcrbcck  1974, IIobrc,volskis 1990)

3
P—

( )
~ <2.

p(J 1/.0
(5.1)

For Sllocn~aker-I.evy  9 one obtains p <1.1 g/cm:’,  probably a soft limit, sillc.c the breakup
is likely to have begun before ]~erijovc  (see also an indcperldcnt  ilivcstigation  by Doss
1994). A more meaningful constraint is offered by P/l]rooks 2, wl!ich aj,~)roac.l]cd  Jupiter
to 2 Jovian radii, so p< 0.34 g/cm3  (Sckanina  ~~ Ycoma]ls 1985).

AII attractive attribute of the self-gravitating strellgthlcss  compact agg,lomcratc  models
is their a])parent]y  successful silnu]ation  of tile progenitor’s tidal disru],i  ion into a fairly
small number (Lmtwecn  a few and two dozen or so) of discrete clumps c)f debris, if the t)ulk
density of the comctcsitnals  is ccmfincd  to a relatively narrow interva]  of ]~lausib]c values.
The reason for this unexpected result is that shortly after  prussing  tllrougll  perijove  the
colnctesimals  begin to reasscmhle  gravitationally, but twcausc  of tile considerable tidal
elongation of the cloud at that time, the coagulation proceeds only locally, if the bulk
density p is, ill this particular ca~c, close tc) 0.5 g/cn~3.
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‘1’l)c fatal flaw of the proposed strengtblcss  agglomerate models, whic]l for all practical
purposes renders tllc]n  iuvalidatcd,  is the fact that tllty rnotivatcd  grossly illc.orrcct
prcrlictions  for the impact phenomena (e.g., Wciss]nan 1994). l)uc to colnbincrl effects
of J ul)itcr’s  tidal forces and the aerodynamic pressure and rapid }Icatil)g iI1 the Jovian
at mos~)hcre,  locmc rrssemhlagcs of meter- to-subkilomcter-si zed co~netcsin  [als would indeed
hrrvc disint,cgratcd  into  s~nall debris at very high altitudm and wc would have witnessed
a coslnic flzzlc. And whereas obscrvatio]ls do provide substantial cvidc[ic.c  (e.g., Meadows
et al. 1995)  t h a t  some, and possibly much, of each co]ldcnsatiol]’s  nlass  disintegrated
nigh ill the Jovian atmosphere, sufficiently massive fractions of 11 of tllc components
(illc]udirig  all t? of tlic standard set; Sec. 4.2) pcllctratcd into tile lower stratosphere, or
pcrl]a])s still dccpcr,  where t,hcy exploded and gcncratcd  llugc cjccta CJCWCIS,  some of which
wcrcilnagcd with tllc lJS’J’(l Jammcl et al. 1995).  F’urthcrrnorc, for at lcirst as}iort  period
of time before tllc cras}l of a 100SC agglomerate, otrscrwrs  should have witrlcsscd  each
fragment’s J)rogrcssivc  sir-etching, driven by Jupiter’s gravity and followirlg  tllc sarnc basic

p a t t e r n  t h a t  w a s s o  promincntlyd cmonstratcd  hyt,hcsllrrounding  d u s t  co]na. lnstcad,

tlJc  in]lcrrnost,  b r i g h t e s t  p a r t  o f  t}le condensatic,rls  rcmaillcd  toappcar  as an urlrcsolvcd

dotcvcl)  o)~vcry  liigl)-rcsol~]tio~  lil]~agcs,  millL1stratcdb  ~tl]clast  llS’I’fra]ncof  Q1 a n d

Q2 in Weaver ct al.’s (1995) Fig. 2.
TIICSC arguments indicate that t]lc Asphaug-  ]lcrlz-Sc)]cnl  paradigin  of a strcngthlcss

a.gglorncratc  of equal-sized comctcsimals  cannot possibly rcprcsc]it  a rca]ist,ic  ~nodc] for
the nucleus of Shoemaker--I,cvy 9. ‘lo sa]vagc a lnorc gel,eral  CO]ICCI)l  of an agg]orncrate
IIuclcus, it is essential that tile comctcsimals  bc allow{d  to hold togctllcr  by limited
strength a~ld to possess a broad size distribution, including a dominarlt  object that is
capab]c  of contributing lnost  light to tllc inncrmmt portion of cac.11 condensation orl
the last prc-cradl irnagcs and whose residual mass can survive the flig}[t  througtl  tllc
Joviarl stratosphere. ‘1’hc  size distribution of the comctcsirnals  ca~i bc i]ltrc)duced  either
ad hoc,  as arl inhcrc]lt  attribute of tllc nucleus, or by invoking significarlt  local variatiorls
in the force t}lat binds the building blocks in the nucleus interior, in which case so~ne
parts of the nucleus have a tendency to fall aJ)art  a]rn{)st spo~ltallcously,  while others
are capable of rcsistirlg  relatively formidable stresses. ‘J’}Lc  two scenarios for acl)icving
a size distribution of the comctcsimals  do not cxc.ludc ea(h  other. IIi any crwe, a cohesive
agglolncratc  will behave as a discrete ~nass of some Iirllited strcngtlk  (Sec. 5.3) and its
tidal disruption c.llarac.tcristic.s  could not be prcdictcd  from the dynanlical  properties of
an agglorl”rcra~,c ]nodc]  of the As])}lallg–]icrlz–so]cnl type, w])ich bcccm]cs irrc]cvaut.

Onc can list additional difLcultics  of strel@llcss  ltlodcls.  Of thrxc,  the observed
events of scc.ondary fragment aticm have the most severe irl lplications,  I)ccausc strength]ess
rwsscrnb]agcs of t]~e Asphaug-]]cnz-  Solern tyJw could ~lot continue to break up w}len
receding from Jupiter (Sec. 4.3). ]ndeed,  Asphaug & lienz  shcnv that, in their model,
coagulation of cometesimals  by self-gravity began to prevail already several hours after
perijove. Also of concern are the critical sensitivity of the streugt]llcss  agglomerate
models to the comet’s rotation and bulk density; doubts whether t.bcy can at all explain
the observed nuclear train orientation (Sec. 4.2), an inlportant issue IJot addressed in
either of the two papers; an apparent contradiction in the tacit assumption that while the
dynamical behavior of the assemblage is governed purely l)y sc]f-gravity,  the comctesirnals
thcmsc]vcs  arc structurally so cohesive that their strength is not evc]l questioned; and
a hig]lly prolrlcmatic.  long-term dynalnical  stability of strcngthlcss  rrgglolnerates.  All
tllcsc  arguments support the notion expressed by Whipl,le  long time ag,o (Sec. 5.1) that
gravitational cohercncc  alorrc  cannot provide tllc basis for a realistic lnodcl  of cometary
nuclei. The arguments further ilnply that, in terlns  of furldamcntal  structural properties,
Sllocmaker-I.cvy  9 is no exception among c.omcts.
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5.3.  h{odcls  jora discrete mass ojlil)iiicd r!!ec}lallical stlcr)gt~t

‘J’idal splitting of a discrete nucleus that I,ossesscs son](,, however linlited, strel]gtl]  is
governed by different conditions. As mentioned in Scc.6. 5.1 and 5.2, co]lcsion  of this
]nodc]  n~lc.tcus, if of agglolncratc structure, may vary due to unevenly strc>llg rllccl]anical
bonds  among its bui]ding  blocks or due to  uneven celllcnting  of t]lc int,criors of the
individual blocks) or k)otb.  Considering a self-gravitating, incom~)ressiblc  elastic spllcrc,
Aggarwal  & Oberbec.k (1974) snowed that fracture starts either at tllc I)ody ’s center  or
on its sllrfacc,  in general, tllcir  result can bc written in a form alialogous  to (5.1),

(5.2)

wbcrc  k is a constant on the order of unity. When fractur{. starts at tl)c surface, [J equals
1’, tllc body’s tensile strcngt]l. Wllcn it starts at the center, U = l’+ J’C. Aggarwal  &
Ohcrbcc.k argued that fracture is completed whm the tc~isilc stren.gt}l is exceeded by the
greatest principal stress both at tllc ccntcr  and on tlic  surface of t}ic hc, dy. ]>obrovolskis

(1990) ]Joilltcd out, however, that Aggarwal  & Oberbcck’s  approach urldcrcstimatcd  the
extent of fracture hccausc  their calculation of the stress field did not account for its
ch angcs as the fissure pr-opagatcs. In any case, the critical tc~lsilc strength at which
the body would begin tc, break apart varies as the central  pressure and is tbcrcforc
proportional to the square of tllc body’s size. For fixed values of p, po, 1/0, and A, tidal
spliiling of a comet is t}Lc crrsicr the larger its nucleus is. ‘1’}le size dcIJeIidcncc rcprcscnts
a fund amcnt al diffcrcncc bctwccn  the behavior of strcngthlcss  agglorncrat  cs arid nuclei
that arc at least weakly ccmcntcd.

Secondary fragmentation is OIIC of the observed plicno]  nena that lnakcs  ttic concept of
discrctc  cometary nuclei of limited and variatrle  strength  very attrac.tivc.  ‘1’lIc  fact that
the products of each secondary fragmentation event appeared as disc.retc  c.oridcnsations,
rather than an elongated cloud of dust, testifrcs  to the ])rescr]cc  of a dominant mass in
each of t}]crn.  And the diffuse appearance of each such component suggests that much,
if not all, of its dust cloud was formed upon sej>aration. Withclut  these ~~ropcrtics one
would have to postulate a bimoda]  velocity distribution of the dust cloud in the parent
condensation, an obviously flawed prcrnise with no physical or d yrla~nical rationale.

Events of secondary fragmentation can readily be u]lderstood  ii) the framework of
a discrctc  nucleus as a result of a gradual fissure propa!,ation.  Aspllaug  & Benz (1994)
argued t}lat  a body of arly realistic density could riot have been brokcrl  up into -21 picccs
by the tidal forces, regardless of its strength. Tl]ey proposed that if the cornet was
riot a strengthlcss “rubble pile” to begin with, it would have tc, bc a structurally weak
aggregate shattered by impact during its inbound passage through tile Jovian ring. This
scenario fails to explain the breakup of P/Brooks 2 (whic]l  never approached C1OSC enough
to the planet to cross the ring) and since the initial numtrcr of major fragments of
comet Shocrnaker-1.evy  9 was just 10 to 12 (Sec. 4.3), Aspharrg & I\cnz’s  objection

is no longer relevant. }lowcver, their suggestion that growing cracks in a nucleus of
some inhcrcrlt  strength may stall is of interest, paralleling sonlewhat  our argument in
l’apcr  1. l’hc implications from Paper 1 are that a bc)dy of tinijotw  strcngt}) is pure
fiction and any arguments against its expected behavior are therefore unnecessary and
meaningless. A crack could stall whenever it encounters a mass of greater strcngtb during
its propagation through the nucleus. As the cornet rotates, the centrifugal force would
assist t}le tides in at least some parts of the nrrc.tcus,  depending on the oricrltation  of the
spin vector. Even for a nonrotating comet, the configuration of rcgiolls of hig}lly  variable
strength in the nucleus interior sl}ould  be changing ra])idly relative to J u])iter (and its
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tidal field) near Im-ijovc  because of the sliarply  curved orllit.  An ohvic)us  illfcrcllcc is that
there should have bcerr lcrrgc fragments that had surviucd  the Jovian tncounier  cracked
but not cornplctcly broken  and that some of the cracks uould have bccl[ crtcnd&d  io ihe
f)oint  ojjracircm at later times in those among tile fraglncnt.s that happc~icd  to have been
spun up as a result of tl)c collisions] angular momcntul]l  redistribution) in tile cloud of
debris.

‘1’lIC plausibility of tllc concept of discrete nuclei of limi{ed and variable strcllgtll  is also
illllstratccl  by otllcr  idiosyllcr~sics  of tl]c colidensaticms  of Shoclnakcr  - l,cvy 9, both in
interplanetary space and upon clltcring  tllc Joviarl atnlos])l]erc.  Onc of tllcse pccu]iaritics
is tllc gradual disap])carance  of a condensation, wl)ich is particularly well doc. u~nentcd
by the lISr~ ohscrvations  of l’~ (Fig. 2 of Weaver et al. 1995), but was obviously also
cxpcticnc.ed  by J, M, and I’zb.  Common to these condensations was ap~]are)itly  tllcir
extremely poor cementing throughout t}leir interiors on such scales that IIo fraglnent  of
a size dctcctablc by the 11S1 could survive cvrm in interplanetary space. ‘his critical
size at the comet’s distance is about 1 k~n in diarnetcr,  so the gradual dia])pearancc  of
t}lcsc condensations dots not proviclc a very strict limit on the IIlaxilnuln frag~ncnt size
and on the density of lines of extreme structural weakness in these objects.

‘1’lic next group illcludcs  some other off-train condensations, such ~~ 1), k’, etc., which
did not disintegrate during the ]nontl)s before their impacts but generated no dctcctablc
cjccta. Sine.c stresses (such as rotational) acting on comets and their frag~!~cnts  in inter-
planetary space arc generally lower than the tidal forces very close to Jupiter, it appears
that lillcs of extreme structural weakness were less densely distributed in t}le interiors
of tllcsc  fraglncnts,  but that areas of high structural weakness were still sufficicnt]y  ex-
tensive  for the objects to be broken tidally shortly bcfolc  they entered tlie atmosphere
(Sckanina  1993).

Finally, the on-train condensations apparently contained kilometer-sized fragments in
which areas of high structural weakness were still lCSS cc]mmon, so that, these fragments
survived tllc tidal action and began to fragment preci])itously  only rr~ldcr the effects
of aerodynamic pressure, which for the impact velocity of Shoc~nakcr--  ],evy 9 began to
cxcecd the tidal force at altitudes of about 300 km or so above tlJc l-bar level.

lhcsc groups of fragments clearly correlate with the classes introdu  c.ed by 11 ammcl
et al. (1995) and suggest t})at the distributiorl  of Iilles of extre~nc Structural  weakness
is this classification’s criterion. IIowevcr, one should not think  ill terms of discrete
categories; instead, each fragmcmt is likely to have its own position in the hierarchy of
structural strength. One observational implication is t})at the off-trai)l condensations
of structurally weaker fragments sllorrld have generally appeared brighter than the en-
train condensations, because a greater mass fraction of L}ie off-train condensations was
contained in the debris near the lower end of tile size spectrum, so they had a higher
apparent cross-sectional area pcr unit mass. This effect was particularly well illustrated
by the first  two condensations tc) crash, A and 11, as A was in fact fainter, yet apparently
much more massive. Of the on-train condensations, one example of an cxc.essively  fragile
fragment was Q, which over a time gave birt]l  to per},aps as many as five secondary
fragments. This condensation had long been t}ic brightest co]nl,c,nent of the train, yet
the impact of Q] wrM a relatively disappointing event.

‘]’hc high susceptibility of cornctary  objects tc, fragmer, t,ation during flight tllrorrgh the
Earth’s atmosp}lcre  has long been known fronl observational evidence accumulated in
the field of lnctcor  physics (e.g., hfcCrosky  & Ceplec.ha  1970). in fact, fragmentation-
especially discrete fragmentation events, which trigger flares or outl)ursts  along the
atmosp}]eric  pat}l- is clearly tile dominant ablation process  for massive cometary irn-
pactors.  Borovitka  & Spurnj  (1995) recently arlalyzed a photographed cornctary  bolidc,
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whic]i mcrrp)iologically rwprescnts  a good analoguc  for the fragments of c.oII]ct Shocn~aker--
I,cvy 9. ‘J’hc bolidc’s  ~llaxilllun~  brightness  ~)ornla]ized to adistallc.e of 100 km reached
],anc.hromatic  magnitude --21.5, its bulk density was*O.1  g/cln3,  slid its initial (preat-
lnosp]lcric)  mass N5 tons. Borovitka  & Spurnj  also fcmnd that along the erltirc  luminous
~)ath the bolide’s flight was only marginally decelerated l,y the atmosphere. 7’IIc  bolide
bccamc  visible at an altitude of 99 kln above sca ICVCI, where the dyllalnic  pressure
reached W2 lnbar  and the atlnosphcric  pressure was only 0.4 phar. An ccluivalent  alti-
ttldcil] tllc Jovian  atlllosI>llerc is*38Ok1l~at)ovcl bar. ‘I’hebolide  disir,tcgrated  eniirrly
by tllc time it rcacllcd  an altitudeof 59 km (au cc]uivalent Jovian altitude of =190  km
above 1 trar),  at a dynamic pressure of~l bar and an atrrlos.pllcric  pressure of O.25 ~nhar.
IIorovitka  & Spur]lj’s  moctcllillg of the object’s lig}]t curve shows that alTnost 50 pcr-
ccnt of the initial Inass was lost in the brightest flare alone, whose l’Wllhl duration
was WO.05 scco~ld, and that tlic residual mass after this event amounted to less than
1 ])crcml to ftlleiuitial mass. ‘I’h isoutburst  wasobscrvcd  at an altitude c)f67 km, where
the dynamic pressure rcac.llcd NO.4 bar and the atmos})heric pressure was 0.08 rnbar.
7`llcfrag[~~c11ts  of S}locrtlaker-I,  cvy9w~eres  lllJjccted tot}lesame clynanlic ])rcssurcat  an
altitude of -200 km above I bar, where t}le atnlospheric.  pressure was NO.15 rnhar.

Tosummarizc, tl)c paradigm  ofacomctary rrucleus  that possesses alirnitcd but vari-
able strength avoids c.ollccptual pitfalls of the strcngtli]css  agglomcriitc niodels. IYle
results for tllc tidal breakup arc no lorrgcr  critically scrlsitivc  to the t)ulk  density, for
which values significantly lower than 0.5 g/ems are preferred. This lilnit  is based  not
on tllc results obtained from the strengthlms agglomerate models, hut  from the simple
application of l;q.  (5.1) to I’/Brooks 2. “~he Shoernakel-I.evy  9 prc)gcllitor could have
begun to break apart perhaps a< early asonc houror  more trcforclJcrijovc,  cs~)ecially if
its IIuclear dimensions were relatively large (Sec.. 5.4). ‘J’hc interpretation of secondary
fragmentation a~ld the explanation of the dramatic differences in the tjcllavior  among the
condensations hot]] before and upon lllcir  atrnos])hcric  entry  arc thus ]ogical  outgrowtl)s
of tl)c fundamental conclusion on low and highly variable strength c)f tidally generated
fraglncnts  a)ld tl]eir  products.

5.4. Sizes of the progenitor nucleus and its jragmcnts

The dimc~lsions of the progenitor nucleus and its major fragments IIave been a subject
of cent inuing  controversy. A relatively soft upper limit on the progenitor’s photometric
cross section results fronl a failure to find the comet 011 prediscovcry  exposures taken
with the 100-cm Schmidt telescope at the European Southern Ohservatcmy in hfarcb  1992
(rl’anc,rcdi  et al. 1993,  Tancredi  & I,indgren  19!)4), on w),ich the limiting magnitude for
an object having t}lc comet’s motion was B = 21.3. Even the largest estimates for the
nuclear size indicate that the cornet, if inactive, would have been at least 0.5 magrritudc
fainter, assuming appropriate values for the albedo  and the pha~e cocf[icicnt.

]n the papers by Scotti  & Mc]osh (1993), by Asphaug  & Ilenz (1 994), by Solem (1994),
and by Cllcr-nctcnko  & Medvedev (1994) the cffectivc dialneter  of the original nucleus was
estimated at ~ 2 km. Scotti  & MCIOSII  found 2.3 km, but they used an early  orbit whose
1992 perijove  distance was too large. Refined orbits yic]d a miss dista~lce  of less than
25,000 km above the cloud tops (>’eomans  & Chodas  ]994), rcquirilig  a revision of
Scotti  & Me]osh’s  value to 1,8 km. Asphaug & llenz,  employing a recent orbit, de-
rived an effective diameter of 1.5 km, while Solem obtaiued  1.8 km arid C}[ernetenko  &
Mcdvcdcv,  1.1 km.

‘J’he agreement among these results is not surprising, because they  all were determined
from the same observed quantity----the length c,f the nuclear train, always i]]tcrprcted  as
a product of radial differential l)erturbations by Jul~itcr,  Only in two of the four studies
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was tllc issue of the trails addressed at all, very Imicfly in citllcr case. As})}laug  &, IICn Z)S
discussion was limited to an obviousremark t.list. trails of debris could bc cxl)cctcd  on
citllcr side of the ]najor  clumps, but t}]cy offered no yualltitativc in for~)lation.  Scotti  &
hfclosh concluded that the trails were citber  madeup  of remnantsof  adust colna  that
tlic comet bad possessed before its C1OSC cnc.oulltcr with Jupiter, or cc,llsistcd of dust
lihcratcd during t}lc breakup and s[lt}scq~lerltly  ]~crt~lrbccl  byvariousforc.c.  s. ‘1’he  extent
of the trails was llotcd by tbesc  authors to correspond to a diameter of N20  35 times
tllc dia.rncter oftbeparcnt  comet but they did not elaborateon tllesig~lificaucc  of this
findi]lg. The otllcr  twopapctsignorcd  thcexistcnccof  tl,c trails altogctl,cr  and none of
tllc four studies paid any attention tothcsystc~n  of tails or totllcscc.tor  of material to
the IIortll of the train and the trails.

In tllc meantifnc,  tllc comet’s first observations by tbc IISJ’, made o~i JLIIY 1, 1993, were
analyzed by Weaver et al. (1994). After subtracting tbc Iigllt of the surroulidiug  comae,
t,hc ~nagllitudcs  of the central nuclei in tlie 11 brightest condensations were calculated
to imply  cffcctivc  diamctms  in the range from 2.5 to 4.3 km, at an assumed geo~netric
albcdo  of 0.04. Even though Weaver ci al. remarked that the derived ~luclcar magnitudes
may not have been entirely free from a contamination by residual dust ili the employed
3 x 3 pixel box cclltcred  on the brigbtcst  pixel, the effect collld not possibly have amounted
to >3 maguitudcs, nor could tbc albedo  bavc been underestimated by a. factor of >20 to
make the results compatil)lc  with the progeuito]’s  diamct  cr of ~ 2 km.

Weaver et al. (1995)  subscclucntly  applied the same tccllniquc  to tlic 1[S’1’ observations
froln January and hlarch  1994, finding that the srlatial  briglltllcss  distribution in the
c.ondcnsations  could not bc fitted by a simple model and that there was no reliable way
of dcconvolving  tbc contributions by any unresolved soul ces fro]n the surrounding dust
clouds. On tbc otllcr  IIand, application of an indeljerident  deconvolutio~i  tecli~iique to the
11S1’ images froln January, hfarch,  and July 1994 by Sckanina (1995) resulted in positive
detections of unr-csolved sources in nearly all c.ondensat  ions ulldcr  investigation. ‘1’hc
calculated ctimcnsions for t}ie major fragments were found to be virtually independent
of the law used to approximate the brightness distribution of tlie extended source (the
surrounding dust cloud) and agreed closely with those derived t)y Weaver et al. (1994)
from the July 1993 data.

Several other liucs of evidence also suggest strongly that the origi~lal  nucleus could not
possibly bc ~ 2 km in diameter. From their analysis of the optical dcpt]l distribution
of the dark impact debris on Jupiter imaged with the 11ST between 1 day and 1 month
after tbc last impact, R, A. West et al. (1995) concluded that the ]neali particle radius
was between 0.2 and 0.3 pln  and tbcir  total volume was equal to tllc sphere ).0  km
in diameter. Since these aerosol particles are believed to have rcpresen  ted condensates
of supersaturated vapor originating from the IIci gas ill the raising plumes of debris,
they consisted primarily--and perhaps exclusively--~f  the impactor’s  ~nam and, unlike
in the original cometary environment, had densities CIOSC to the mineralogical densities
of the involved materials. R. A. West et al. ado]) ted a density of 2 g/CIn3, which yields
a total mass of 1.0 x 1015 g for this optically recovered ]nass of the refractory material
and already corresponds to an effective diameter of 2. I km for tbc comet’s plausib]c
bulk density of 0.2 g/cm3  (cf. Sees. 5.2 and 5.3). The:e is no doubt whatsoever that
this optically recovered aerosol mass represents only a fraction of the total recondensed
rcfrac.tory mass of the fragrncnts,  which, in turn, represents only a small fraction of the
total mass delivered to Jupiter by the fragments and l)y the dust c.lc,uds in w]iich the
fragments were immersed before impact. Even this total delivered ]Iiass obviously dots
not represent the entire mass of the original c.onlet, although the two may be comparable
in magnitude.
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TIIC incomplctcncss  of the optically rccovcrcd aerosol mass is plainly  illllstratcd by the
fact that tJIc contributions to the dark ctcbris from most ofl-t,rain  condcnsatio~ls  rcrnairicd
undctcctcd. llcsidcs,  R .  A .  Wes t  ei al. (1995) e~nphasizc  that  significant  rruclcation
requires supersaturation and that cooling below the saturation point is IIot  a sufllcicnt
condition for the aerosol format ion. They also find that, in a dense ],lu]nc  of debris,
silicates and similar rcf’ractory  materials could condcnsc  i)lto grailw larg~r t]lan  10 ~lm in
radius, whose scdimentatiou times in tlic Jovian atmosphere are cmly a fraction of 1 day.
Such large particles obviously cc,uld not survive in a dcb]is  irnagcd days or weeks after
iillpact. M’lien R. A. West et al.’s results arc conlbincd  ~’ith  Val]jsek’s  (1995) estimate
that only =1 ~~crccnt of tllc delivered mass should have contributed to the rcc.o~)dcnsatioll
proc.css,  onc finds a total dc]ivcrcd cometary mass of =1 017 g. And since t]le optically
rccovercd  aerosol I]lassw&s  probably  dcrivcd fron~tllc  recc)tldc~~scd  rcsidllal  lnawinvolvcd
ill the cxp]osions  ill the lower stratosphere and/or tile trol)ospbcrc,  it would not iucludc
the fraction of tllc original mass of the impactors  that was lost by tllcir  precipitous
fragmcl)tation  in the upper atmosphere prior to the explosions and may have been
rcsponsib)e  for, or contributed to, the dctectcd  heating of thestratospherc (e.g., Lcllouch
ct al. 1995, 136zard et al. 1995). ‘l’his missing rnas.s has remained unaccouiltcd  for, even
though it may bavc represented a significant fraction c)f tbc initial nlass of tl]c large
fragments. Finally, from observations at millimeter wavelengths, additic,~, al sut,stautial
amounts of the delivered mass were identified })y Lcllouch et al. (1995) ill the form of
volatile  com])ou]ld  s,concentratcdnear tllc O.5 rnbar prcssurelcve]ancl ~trobablyinvo]vcd
ill tllc shock chemistry. For tile fragment G alone, a total mass of 10]4g of carbon
monoxide was clctcctcd i~l the tc]cscopc’s beam of 12 arcscc several hours after impact
(rcviscd  morcrccentlyt  o5x]014g;Lelloucli  1995). Rcc.overyo fallthcsci mpressivc]y
large amounts of mass from all original nucleus of lCSS t}ian 2 km in dia~ncter would
surely rc])rcscnt  a humpiy-dumpiy  feat of unrivallcd  pro~)ortions

5,5. Rotaiion  rr~odcl forihcprogeniio  rnucleus and  collision aleuolutiol~  ojthc debr is

Oncof  the first rcs~llts oftI]en~]]~~erical  exl)eri]l-lcnts con(l~lctcd ill l’aper  1 was a finding
that ccprivalcnt values could bc establisbcd  for an initial radial scparatio]l  of tllc fragments
or for their orbital velocity increment or for various combinations of these quantities so
that they yielded identical tenq~oral variations in the nuc.lcar  train’s ap}larent  evolution
(its Icngth  and oricntatio]l),  a fact that can also bc derived from the virial thcorcrn.  If the
breakup is assumed to have occurred at closest a~]proach,  the releva])t values are 1.26 km
for t}w radial separation (that is, the nucleus diametcl) and 0.17 ]n/s for tllc orbital
velocity incrcmcnt.  T}IUS,  the breakup of the progenitor 1.26 knl in dialnctcr rcprcscnts
only onc of a]) infinite number of possible solutions, based on a nu~nhcr of assumptions
regarding the tirnc of the event (ezacily at perijove)  and the cornet’s rotation vector (no
rotation or the axis aligned with the orbital vcloc.ity vector). This is SUCII  an exceptionally
special case that the probability of its having actually taken place is virtually nil. The
equivalence of effects due to Jovian perturbations and due to an orbital velocity impulse
signifies a basic dynamical indeterminacy of the probleril,  which is also reftccted  in the
major role of the comet’s rotation recognized by Asphaug  & Benz (1 994) and by Solem
(1994) and which makes the tight constraints on the parent comet’s size and bulk density
in tllcsc  models vuluerablc  a]ld suspect.

A Monte Carlo simulation of ubiquitous low-velocity particle particle collisions, car-
ried out in Paper 1, showed that the initial rotational velocities were rearranged into
a rapidly Whcrmalized”  distribution, characterized by a long tail c~f fairly high velocities
(up to --7 m/s) for the debris that eventually populated far regions c)f the trails. Tlie
period of intense particle-partic]c collisions was estimated to have c.c,nt.irlued for at least
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a fcw hours, at wliich time the systc~natic  forces Ijcgan to dominate. ‘lIIc particle Inass
distribution of the fragments appears to have been relal ively flat near tile upper end
of the size spcctruln but stcc])cr for pclrblc-sized and srllallcr debris. l~irlc dust cffcc-
tivcly  provided a temporary viscous medium for tllc major fragments. l)irncrlsiom  of
fragments populating the west-southwestern trail probably ranged froln several hundred
~nctcrs  down to a fcw centimeters, the latter constraint being  dictated by LIIC alrscnce of
mcasurab]c  solar radiation pressure effects, ‘1’llc debris in the east- nortllcastcrn trail was
rnmst]y  sutrmillimcter-  a]ld millimeter-sized. All t,he debris to tile nc)rth  of the train-trail
boundary was affcc.tcd  by solar radiation pressure and r[ladc up of ],articlcs  that were
lnicrons  to several mil]irncters  across, the size being the largest near the boundary.

‘1’o collstrai~l  the comet’s bulk properties, a rotational )nodcl was fc)rmulatcd by us in
l’apcr  1 and a search was initiated for solutions consistent with evidcn(e  orl the nuc]ear
trail]  arid the trails, wllilc also accommodating lilnitcd  irlforrnation  orl tllc tails and the
sector of rnatcrial.  l’llc  maximum dynamically plausi}]le  t] ain and trail lcllgths,  scarchcd
for as functions of a location on the liuclcus,  depend on the nuclear dimensions and
the rotation vector of the parc]lt  comet, on the cfrcctive brcaku~~ time (Sec. 4.2), on
tllc particle-mass distribution of the debris, and on the cclllisional-velocity cnllanccrnent
factors. Although IIO ur]iquc  solution could bc derived, rnodcls for tllc parcllt cornet that
fitted tile constraints best imp]icd a nuclear diameter of *1O kn], a spirl axis nearly in
tllc joviccntric  orbital plarm, and a short rotation period, perhaps 7-8 hours. For a bulk
density of 0.2 g/cm3 , t}Ic  net tidal stress is calculated to have been 0.0038 bar at pcrijovc,
0.0008 bar 1 hour earlier, and 0.0002 bar 2 hours earlier, comparal}le  with the central
gravitational pressure and the cerltrifuga] stress due to rotation. It thus  al)j]ears tliat the
cornet’s spin assisted the tidal forces in s])litting  the rruch.us  aI)art.

6. Sumnlary  a n d  c o n c l u s i o n s

‘1’hc  events cxpcricnccd  by cornet !%oclnakcr- I.cvy 9 r,car Jupiter in early July 1992
began with fissures propagating throug]lout  its rruclcus, about 10 krn in diameter or 10] 7 g
in mass at an assumed density c)f 0.2 g/cn~3. l’hc  cracks were caused t~y tidal stresses
exerted by the planet, with some assistance froln the co]net’s rciation. Probably even
before reaching pcrijovc,  t}lc inflicted structural failures resulted in the body’s gradual
breakup, first into a couple of large fragments accompanied by irnrncnsc arl~ounts  of slnall-
sized debris. Dccausc of a distribution of rotation vclocitics,  collisions bccarnc  inevitable
and, together with the continuing tidal forces, contributed to further fragrnentatiorr.
The collisions] velocity distribution rapidly “tllcrmalizcd”  and dcvc]or)cd  a long tail,
popu]atcd  by particulatcs with relative velocities of up to *7 m/s. ]ntcrisive  collisiorjs
did not terminate until after pcrijove,  defining tile efrective time of breakup (dynamical
separation). The )0--12 largest fragments contained ap~,arent]y  C1OSC to 90 percent of
the total lnass  of the progenitor. lIIC largest fragment was estilnated to have been at
least 4 km in diameter. A mean fragment size gradually decreased from t}lc train to
the two trails, the tails, and t}lc sector of material, which contained microscopic debris.
l)efinitc  evidcncc  for discrete events of secondary fragmentation indicates that the comet’s
disintegration continued long after its 1992 encounter with Jupiter. Observed effects
on the unevenly susceptible fragments provide intriguing information on the complex
morphology of the comet’s nucleus interior. ‘1’hc  orbital calculatiorw  ofrer  an independent
insight by showing that fragments that, ended UI) nearer the planet at the end of the
collisions] period rcrnaincd  so throughout the orbit  until collisiorl,  wllilc fragments with
greater velocity increments in the direction of the cornet’s rnotiorl  had larger orbital
dimensions aud impacted Jupiter later.
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“J’lic coInct’s  frag~tlcnts c)f the estimated mass will have delivered a total energy  of tens
of ]nillions of lncgatons  of ‘l’N’l’ upon impact. hluch of this energy wrM rtq)idly dissipated
over huge vo]umcs of t}lc Jovian at mospherc  in t}le early IJha.sc of each fragment’s entry
and only a fraction was apparently transformed into mor(: persisting, readily detectable
effects. Y$’hereas the impact phenomena provide critical ill formation  on t IIe nature of tllc
fraglllcnts’  inter-actiol) wit}] the Jovian atmosphere, the comet’s tidal disruption] deserves
attention in a broader context, including the role of nuclear splitti]lg  in the evolution of
comets. A particularly diagnostic property concerns sysl e)natic  differences in fraglncnt
c.onfiguratiol)s of tidally and noutidally  split  objects. lVhatever  tllc nlecllanism(s)  o f
nontidal  brcaku  I) may be (Sec. 1), it is WC]]  known (Sekauina  1977, 1982) that the colI-
figuration of fragments is in these cases contro]lcd  primal  ily by differential forces acting
along tl]c direction of tile radius vector. Relative to tlie principal (parc]i( ) nucleus, which
is usually (but not ncccssarily)  tile brightest ccmlponcnt,  the con~])aniolls are lined up
approxi~nate]y  along tllc antisolar  direction shortly after tllcir  separation, but rotate tllcir
positions gradually with time and end up eventually---if they  arc still observable- –in the
direction of t}le reverse orbital-velocity vector, that is, they follcnv tile ]jarent  object in
its heliocentric orbit. }Icnce, tl,c characteristic attribute of such configurations is that
tllc parent nucleus is always situated at the leading end of the fraglncnt  lineup. ‘1’his
dynalnical  evolution is of course readily predictable froll~ considerations of the orbital
angular molncntum  and is indeed consistent with observations of fraglnc}]ts of most split
comets. For on] y three among the split comets with nlorc than two com])onents  ever
observed was the brigl]test  condensation situated at a “wrong” location, after each of
tlicm had Lrokcn tidally in the ilnmcdiatc  proxilnity  of tbc Sun or J uj)itcr:  the suugrazcr
188211 = C/l 882 RI, 16 P/llrooks 2, and Shoernaker-Levy 9. This evidence shows that
the fragment configurations of tidally split  comets are dctcrmincd  prilllari]y  by the co~ldi-
tions  at breakup and not, by the differential forces that the fragments might be subjected
to following their separation.
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